Summary
In 4-week-old chicks that had been maintained on 3 different diets, caecal weights were lower in germfree than in conventional birds eating practical but not semipurified diets. There were no consistent differences in total sodium, potassium and chloride ions in the contents of the small intestine. In germfree chicks the caecal wall muscle appeared lacking in tone and there was a lower concentration of chloride ions in the contents, but there was no caecal enlargement comparable to that in germ-free rodents.
Since the earliest days of gnotobiotic investigations, it has been observed that the caeca of germ-free rodents are enlarged, sometimes grossly so, and that the caecal contents are more liquid than those found in conventional rodents (Nuttal & Thierfelder, 1896) . Similar conditions obtain when rodents are given antibiotics (Meynell, 1963) . The main lines of investigation into this phenomenon have been into lowered caecal wall muscle tone in germ-free rodents, the presence of mucous substances of high molecular weight in the germ-free caecal contents, and the disturbance of inorganic ion concentrations in the caecal contents. We have not observed caecal enlargement in chickens reared under germ-free conditions, although caecal size can vary with diet. Reyniers, Wagner, Luckey & Gordon (1960) concluded that the germfree caecal contents of the chicken were more liquid, but that their volume was th~same as or little higher, than in conventional birds. The work reported here on the concentration of inorganic ions in the caecal contents of germ-free and conventional chickens was undertaken not only to establish these parameters for the fowl, but also so that comparison with the published data on rodents might contribute to understanding of their massive caecal enlargement.
Materials and methods

Animals
Rhode Island Red x Light Sussex chicks were used.
Eggs from a specified-pathogen-fre(flock were incubated for 18 days in a commercial incubator and then disinfected by spraying with peracetic acid solution (Harrison, 1969) . Half were replaced in the incubator and half transferred to Gustafsson stainless-steel isolators and maintained germ-free. After hatching, the germ-free chicks were housed in groups of 4 in stainless-steel cages with mesh floors inside the isolators, while their conventional counterparts were kept in rooms with environments matching those obtaining within the isolators. As far as was possible, males and females were distributed evenly among experimental groups. The continued sterility of the birds within the isolators was checked at intervals (Fuller, 1968) .
Diets
3 diets were used in these experiments, 2 'practical' chick mashes and 1 of semipurified materials. The first diet, SCM, contained (g/kg): maize meal 378; barley meal 345; dried grass mea] 30; bone meal ] 5; limestone flour .10; sodium chloride 6,72; vitamin supplement 5; maize oil 10; hydrated manganese sulphate 0,28. Cholecalciferol was dissolved in the maize oil to provide 16 Ilg/kg diet. 'A500 Rovimix' (Roche Products, Welwyn Garden City, Herts) was added to supply 2 mg retinol/kg. The vitamin supplement provided (mg/ kg diet): riboflavin 7'7; nicotinic acid 55; biotin 0'22; pteroylmonoglutamic acid 0,83; thiamin hydrochloride 3,3; pyridoxine hydrochloride 4'4; calcium pantothenate 16'5; cyanocobalamin 0,02.
The other 'practical' diet, APF, contained (g/kg): maize meal 378; barley meal 200; soya-bean meal 345; dried grass meal 30; bone meal ] 5; limestone flour 10; sodium chloride 6·72; hydrated manganese sulphate 0·28; maize oil 10; vitamin supplement 5. Cholecalciferol was dissolved in the maize oil to provide 16 Ilg/kg diet. The vitamin supplement supplied the same concentrations as for SCM, and the same level of retinol was added.
The semipurified diet, SCG, contained (g/kg): maize starch 596'5; casein 180; gelatin 100; salt mixture 60; L-cystine 3; choline chloride 1·5; myoinositoll; vitamin supplement 8; maize oil 50. The salt mixture supplied (mg/kg diet): calcium carbonate ]7.100; potassium dihydrogen phosphate 13300; hydrated calcium hydrogen phosphate 17100; sodium chloride 8670; hydrated manganese sulphate 270; potassium iodide 37; hydrated copper sulphate 16; hydrated zinc sulphate 130; hydrated magnesium sulphate 2,67; hydrated ferrous sulphate 670. Fat-soluble vitamins dissolved in the maize oil provided (mg/kg diet): cholecalciferol 0·16; menaphthone 20; crtocopheryl acetate 40. 'A500 Rovimix' was added to provide 20 mg retinol/kg diet. The vitamin supplement provided (mg/kg diet): biotin 0,8; pteroylmonog]utamic acid 6; thiamin hydrochloride 12; pyridoxine hydrochloride ]6; riboflavin 24; calcium pantothenate 60; nicotinic acid 160; cyanocobalamin 0,08. The vitamin supplements in this semi purified diet were increased to compensate for possible destruction during sterilization.
All the diets were packed into plastic bags which were then evacuated, and sterilized by 5 Mrad y-radiation.
Experimental
The 3 diets, SCG, SCM and APF, were each given freely to 4 groups of 4 chicks in both conventional and germfree environments from hatching. All the samples were taken at 4 weeks of age, without a period of starvation, the germ-free birds being removed from the isolators immediately before sampling. Chicks were killed by an injection of pentobarbitone sodium into the heart, and the small intestines and caeca were removed. The contents of the distal 10 cm of the small intestine, and of the remainder of the small intestine, were collected separately by washing out with distilled water. The contents of the caeca were squeezed out and the weights of the contents and of the empty caeca were recorded. The intestinal fractions from 4 chicks were combined to form a group pool and from these pools aliquots were taken for the estimation of sodium and potassium ions by atomic absorption spectroscopy, of chloride ions electrochemically, and of dry maHer.
Results
Gross appearance of caeca
There was no gross enlargement of the caeca in germ-free chicks. However, the caeca from the birds maintained in the 2 environments were strikingly different in appearance (Fig. 1 ). The conventional caeca were segmented by muscular contractions whereas the germ-free caeca were smooth and the muscle was apparently lacking in tone.
Rolls
Inorganic ions in the small intestine The total sodium, potassium and chloride ions found in the small intestine are presented in Table  1 . In Tables 1 and 2 treatment means are given with standard errors of differences based on the variation between cages of 4 birds within treatments. When the evidence of variance heterogeneity was not significant the results were subjec;ted to analysis of variance and pooled standard errors are given. In other cases treatment means were compared using the Student t test with the degrees of freedom reduced from 6 to 3 when there was heterogeneity of variances.
There were no consistent differences between environments in the amount of any of the inorganic ions measured. The total chloride ion content of the upper small intestine was rather higher in conventional chicks eating 'practical' diets, but this difference was not maintained in the lower small intestine. Diet exerted a more profound influence: there were significant differences between diets in total sodium and chloride ions in the upper small intestine (P<O'OOl) and in the lower small intestine 
-0'03* 0,008 6 ts.e. of difference between diets for a given environment = s.e. of difference between environments for a given diet. f.APF and SCM are 'practical' chick mashes: APF is based on maize, barley and soya-bean, SCM on maize and barley. SCG is a semipurified diet based on maize starch, casein and gelatin. Significance of difference between environments: NS P>0'05; * P<0'05; .••.•• P<O'OI; *** P<O·OOI.
for total sodium (P<O'05), potassium (P<O'OOI) and chloride (P<O'05) ions. These differences arose largely from the rather lower mineral levels found when the semipurified diet SCG was given, as compared with those found in the chicks eating the 'practical' mashes.
Caecal characteristics
The measurements made on the germ-free and conventional caeca and their contents are summarized in Table 2 . The caecal wall weights were higher in conventional than in germ-free birds eating the practical diets, but not when the semipurified diet was given. Only for sca was there any difference in the weight of the contents, confirming the impression given by visual inspection of the caeca. The contents were markedly more fluid in germfree birds eating the 'practical' diet, but not in those eating SCG. The concentration of potassium ions was reduced in the caecal contents of germ- Table 2 . Weights of caecal wall and caecal contents, and concentrations in caecal contents of dry matter and of sodium, potassium and chloride ions found in conventional (CV) and germ-free (GF) chicks aged 4 weeks.
There were 4 groups of 4 chicks in each environment: for statistical treatment see text: footnotes as free birds eating one of the •practical' diets, but there were no other significant differences in sodium' or potassium ion concentrations. The chloride ion concentration was, however, lower in germ-free than in conventional birds eating the practical diets (P<O'OOI) and the semipurified diet (P<O·05). As in the small intestine, the mineral concentrations were often influenced by diet in the case of sodium (P<O'OOI) and chloride ions (P<O'05 for the difference between APF and SCM; P<O.OOI for that between SCM and SCG in the germ-free environment).
Discussion
These results confirm our previous qualitative observations that caecal size in the chick, although influenced by diet, is not affected by the absence of an intestinal flora. The weights of the emptied caeca, which are taken to reflect caecal wall thickness, show that there is a noticeable thinning of the wall in germ-free birds when they are eating a 'practical' diet. However, when a low-residue diet of semipurified ingredients (SCG) was given the caecal wall weights were lower and there was no difference between the conventional and germ-free results. These observations are entirely consistent with measurements made on the small intestines of germ-free and conventional chicks eating 'practical' or semipurified'diets (Coates & Jayne-Williams, 1966) . Comparisons in vitro between caecal muscle from germ-free and conventional rodents have shown that the contraction of germ-free caecal muscle is greatly reduced and less sensitive to adrenaline and acetylcholine (Strandberg, Sedval, Midtvedt & Gustafsson, 1966; Gordon, 1968) . It has been proposed that this is related to differences in the structure or function of the nervous system or of cellular energy metabolism (Dupont, Jervis & Sprinz, 1965) , or to the accumulation of an enzyme-perhaps a faecal kallikrein-normally destroyed by bacterial activity, which releases a kinin that depresses muscle activity (Gordon, 1965; Wiseman & Gordon, 1965; Gordon, 1967) . The qualitative observations in the present work indicate that these processes may also apply to the chick.
The results obtained with chicks in the present work are compared with data for the mouse (Asano, 1969a) in Table 3 . Although caecal enlargement is not seen in the germ-free chick, rather similar increases in the liquidity of the caecal contents were found in the mouse and the chick, save when the semipurified diet was given. The lower sodium and potassium ion concentrations reported in the caecal contents of the germ-free mouse were not found, or were not found to be significant, in the germfree chick. However, a significantly lower chloride ion concentration, of similar magnitude to that found by Asano (1969a) in the mouse, was observed in the germ-free state with all diets, even with SCG which was frequently out of line with the 'practical' diets. This effect was peculiar to the caecum, and was not a reflection of the situation in the small intestine.
Water transport across the intestinal mucosa of anaesthetized rats is dependent upon adequate concentrations of inorganic ions, in particular sodium and chloride (Curran & Solomon, 1957) . Compared with conventional animals, germ-free caecal contents have low concentrations of sodium and very low concentrations of chloride ions, and giving chloride-containing resins with the food increased caecal chloride ion concentrations, reducing the water content of the caecal contents and effecting a partial reduction in caecal size (Asano, 1967 (Asano, , 1969a . That the impaired water absorption in germ-free rodents is related to ion deficiency rather than to an innate property of the mucosa has been 0,13 Table 3 . Caecal parameters in chick and mouse.Comparison of results obtained with germ-free (OF) and conventional (CV) chicks with published data for OF and CV mice.
Chick, 24-28 days old
Caecal weight as proportion of bodyweight Dry matter in caecal contents (gig) Concentration ofNa+ in caecal contents (gil) Concentration of K+ in caecal contents (gfl) Concentration of Cl-in caecal contents (gil) :j:From Asano (19690) . tAPF and SCM are 'practical' chick mashes, SCG a semipurified diet (see Table 1 ). L462 is a rodent diet based on wheat flour, maize meal, milk powder, lactalbumin and casein (Wostmann, 1959) .
shown by replacing their caecal contents with saline, when water absorption proceeded rapidly (Loeschke & Gordon, 1970) .
The caecal contents of germ-free chicks have significantly lower chloride ion concentrations, and sodium concentrations that are lower but not significantly so, than conventional chicks. It is possible that this is a general phenomenon of germ-free life and, since adequate sodium and chloride ion concentrations are needed for effective water absorption, this accounts for the generally more liquid caecal and colonic contents and the mild diarrhoea characteristic of many species in the germ-free state.
The question arises why the lowered chloride ion concentrations in the germ-free chick caeca, particularly when coupled with apparent loss of muscle tone, do not lead to pronounced caecal enlargement as in rodents. It is not that the chick caecum is anatomically incapable of enlargement since we have observed considerable distension in the caeca of colostomized chickens as a result of malfunction of the artificial anus. The reason may lie in the different nature of the rodent and avian caeca: the mouse caecum is a sac, blind-ended, but forming a connection between ileum and colon through which the digesta must pass, whereas the chick caeca are tubes arising from the junction of the ileum and colon into which digesta can only pass as a result of antiperistaltic movements of the colon (Fenna & Boag, 1974) , the process remaining under the control of the ileocaecocolonic sphincters. For this reason, comparisons must be made with some caution.
Intestinal contents in germ-free rodents have been shown to contain levels of mucous material far higher than those of conventional animals; faecal hexosamine concentrations are higher and mucoproteins and mucopolysaccharides have been detected (Combe, Penot, Charlier & Saquet, 1965; Lindstedt, Lindstedt & Gustafsson, 1965; Csaky, 1968; Loesche, 1968; Combe & Pion, 1966) . The intestinal flora of conventional rodents appears to produce mucinases that degrade this mucous material (Hoskins & Zamcheck, 1968; Hoskins, 1968; Wilkins & Gordon, 1970) . As a result of the accumulation of this material the colloid osmotic pressure exerted by the germ-free caecal contents is higher than that of conventional caecal contents or of blood plasma, and the implication is that water is retained in the germ-free caecum (Gordon & Nakamura, 1969; Gordon & Wostmann, 1973) .
It is not known whether mucous material is produced to the same extent by the chicken. It appears from this work that both reduced chloride ion concentration and the factor(s) responsible for the reduction of smooth-muscle tone are present in germ-free chick caeca. However, caecal enlargement may occur only when several factors are present together, so the reasons for the lack of enlargement of germ-free chick caeca may lie either in the difference in function outlined above, or possibly a lower production of mucous material by the chick.
